One dimensional rod-shaped and two dimensional twin-crystal shaped ZnO crystals were fabricated by thermal evaporation of a mixture of ZnS and graphite powders in air at atmospheric pressure. Twin-crystal shaped ZnO crystals were formed at 1050°C, while rod-shaped ZnO crystals were synthesized at 1150°C. The morphology of ZnO crystals was drastically changed according to the growth temperature. It is particularly interesting that two hexagonal plates formed a twin crystal, in which hexagonal shaped ZnO plates were symmetrically grown on both sides of a mirror-like plane. The twin crystal looked like a yo-yo. X-ray diffraction analysis showed that the rod and twin-crystal shaped ZnO crystals exhibited a wurtzite crystallographic structure. A strong green emission peak at 500 nm was observed in the cathodoluminescence spectra of the ZnO crystals at room temperature.
Introduction
ZnO is an important n-type semiconductor with a band gap of 3.37 eV and an exciton binding energy of 60 meV. Due to its wide direct band gap and strong exciton binding energy, ZnO has a wide variety of applications in electronics, photonics and sensors, such as ultraviolet (UV) light emitting diodes, laser diodes, photodetectors, transparent conductor, field effect transistors, solar cells and gas sensors. In recent years, the micro-and nanostructures of ZnO have attracted much attention because of their unique properties which result from their size. Thus, ZnO microand nanostructures have great potential applications in fields of electronic, photonic, spintronic, and sensing devices.
1)-4) Until now, ZnO micro-and nanostructures with various morphologies such as wire, 5) rod, 6) belt, 7) tube, 8) comb, 9) and tetrapod 10) have been synthesized by many physical based and wet-chemical/ solution based methods.
ZnO crystal with wurtzite crystallographic structure has two different polar surfaces, the (0001) Zn-and (000-1) O-terminated surfaces. According to the idealized growth habit of ZnO crystal, the relationship between the velocity of the crystal growth to the different directions is known to be:
11) Thus ZnO crystals grow preferentially along the [0001] direction because the [0001] direction has the fastest growth rate, and tend to grow into onedimensional (1D) structures. Accordingly, it is very difficult to fabricate ZnO crystals with two dimensional (2D) structures such as plate or disk. The 2D ZnO structures are expected to have more potential applications for the functional electronic and opto-electronic devices. So far, it has been mainly reported on the synthesis of ZnO crystals with disk shape using wet-based method, 12),13) but the method was related to complicated chemical reactions. Compared to wet-based methods, physical based methods are simple and convenient. Among the physical methods, thermal evaporation is the simplest and most cost-effective. ZnO crystals with disk shape have been recently reported to be fabricated through vapor phase transport method using the mixture of ZnO and graphite powders as the source material. 14) This reveals that the two-dimensional growth of ZnO crystals could be enhanced under reducing atmosphere. On the other hand, in our previous work, ZnO crystals of which diameters increased gradually along their length were observed from the ZnO products prepared through thermal evaporation of ZnS powder. 15) This shows that the two-dimensional lateral growth of ZnO crystals was enhanced by using ZnS source material. Thus, it is worthwhile to observe the morphological variation of ZnO crystals prepared via thermal evaporation of ZnS source under reducing atmosphere.
In this paper, I report the synthesis of ZnO crystals with yo-yo shape, which consisted of two hexagonal prismatic plates, via thermal evaporation of a mixture of ZnS and graphite in air at atmospheric pressure.
Experimental procedure
A mixture of ZnS and graphite powders was used as the source material. ZnS and graphite powders were mixed with a weight ratio of 1:2. The source material was put in an alumina crucible. The process was carried out in a muffle furnace. First, the furnace was heated to the process temperatures of 950, 1050 and 1150°C with a heating rate of 10°C/min. Then the alumina crucible with the source material was inserted into the furnace. The furnace was held at the temperature for 1 h in air at atmospheric pressure for the evaporation and oxidation of the source material. After the evaporation and oxidation process, the furnace was turned off and cooled down to room temperature.
White products were found in the crucibles. No catalysts and substrates were used during the process.
The morphologies of the as-synthesized products were observed by field emission scanning electron microscope (FESEM, Quanta 200 FEG, FEI Co, Netherlands) equipped with energy dispersive X-ray (EDX, Quanta 200, EDAX INC., USA) spectroscope. The components were investigated by the EDX.
The crystal structure was characterized by X-ray diffraction (XRD, X'Pert Pro Multi Purpose Diffractometer, PANalytical, Netherlands) with Cu K ¡ radiation. Cathodoluminescece (CL, Mono CL4, GATAN Co., United Kingdom) spectrum was measured at room temperature by CL spectroscopy.
Results and discussion
The crystallographic structure of the products was studied through XRD measurement. Figure 1 shows the XRD patterns of the products prepared at 950, 1050 and 1150°C, respectively. For the product prepared at 950°C, the diffraction peaks of ZnS as well as ZnO are present in the XRD pattern, which shows that ZnS was not oxidized completely to ZnO. On the other hand, all the diffraction peaks of the products formed at 1050 and 1150°C are well indexed to hexagonal wurtzite structure of ZnO. The XRD peaks at 31.8, 34.4, 36.2, 47.5, 56.6°correspond to (100), (002), (101), (102) and (110) planes of wurtzite structure of ZnO, respectively. The XRD patterns reveal that the products prepared at 1050 and 1150°C are ZnO with wurtzite structure. No peaks associated with Zn and (or) ZnS are detected in the XRD patterns, indicating the high purity of the ZnO crystals.
The components of the products were investigated by EDX analysis. Figure 2 shows the EDX spectra of the products prepared at 950, 1050 and 1150°C, respectively. In the EDX spectrum of the product prepared at 950°C, the peaks corresponding to the elements of Zn, O and S are observed. The EDX spectra of the products prepared at 1050 and 1150°C reveal that the products are composed of only the elements Zn and O, which implies the fact that the products are pure ZnO material. Figure 3 shows the SEM images of the products prepared at 950, 1050 and 1150°C, respectively. In the product prepared at 950°C, no micro-and (or) nanocrystals were observed by SEM. Meanwhile, the ZnO prepared at 1050°C consists of twodimensional plate-like crystals. The plate-like crystals have perfect hexagonal shape with high symmetry, which corresponds to the (0001) plane of ZnO. The growth along the [0001] direction of ZnO was suppressed, whereas the growth rate along nonpolar ©10-10ª directions was faster than that along [0001] direction. Lee: Change in the morphology of ZnO crystals by thermal evaporation method using a mixture of ZnS and graphite
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Usually, the growth rate along [0001] direction in ZnO is the fastest, and thus ZnO nano and microcrystals with 1D morphology can be easily obtained.
1) The morphology of the ZnO crystals prepared at 1150°C also showed one-dimensional rod-like structures. However, 2D plate-shaped ZnO crystals were formed at 1050°C. The diameter of the plates ranges from 6.0 to 12.0¯m and the average thickness is 1.5¯m. Judging from the hexagonal shape with a sixfold symmetric structure, the top and bottom surface of the plates are the «(0001) planes of ZnO single crystal. The 2D plate-shape of the ZnO crystals proves that the growth along [0001] direction in ZnO was suppressed and the growth along «[10-10], «[1-100] and «[01-10] was enhanced. Interestingly, every two plates form the twinned structures by sharing the plane at the center. The two plates have the same morphology and size, which makes a twinned structure with a perfect symmetry. The twinned structures have concave centers, showing them as yo-yos. Some research groups have reported that when the pressure of Zn vapor is high, the growth along the [0001] direction of ZnO can be suppressed. 16) On the other hands, it is known that when the concentration of growth species is sufficiently high on the surface of crystals, there are two mechanisms for the surface growth. One is mononuclear growth and the other is poly-nuclear growth. For the mononuclear growth, the growth proceeds layer by layer and thus 2D growth is enhanced. When the surface concentration of the growth species is very high, the surface growth process changes to poly-nuclear growth, in which three dimensional (3D) growth is enhanced. In the present work, the concentration of metallic Zn vapor would be high at 1050°C under reducing atmosphere, and Zn atoms adsorbed on the «(0001) planes of hexagonal ZnO nuclei had high mobility at the high temperature. The growth would proceed in a layer-by-layer mode, which resulted in the suppression of the growth along [0001] direction in ZnO and the expedition of the growth along ©10-10ª directions. This led to the formation of the ZnO crystals with 2D plate-shape. In addition, due to the suppression of the growth along +[0001] direction, the ZnO nuclei would grow with the same growth velocity along «[0001] directions, leading to the formation of the twinned crystals. In the present experiments, the thermal evaporation of ZnS powder at high temperature can be carried out according to the following chemical reaction.
ZnSðsÞ ! ZnSðgÞ
ZnSðgÞ þ 2O 2 ! ZnðgÞ þ SO 4 ðgÞ
The Zn vapor cannot be easily oxidized to ZnO due to the reducing agent of graphite. Accordingly, the concentration of Zn vapor is high enough to allow the 2D growth on the surface of the ZnO crystals, resulting in the formation of plate-shaped ZnO crystals at 1050°C. At 1150°C, an extremely high Zn vapor concentration is produced on the growing surface of the crystals. This leads to the 3D growth on the surface of the crystals, which results in the formation of the rod-shaped ZnO crystals.
Cathodoluminescence was measured at room temperature to study the optical property of the ZnO crystals. Figure 4 shows the CL spectra of the products prepared at 950, 1050 and 1150°C, respectively. A strong broad visible emission peak at 500 nm is observed in the spectra. The visible green emission around 500 nm has been observed for ZnS. It is known that the green emission of ZnS is ascribed to the electron transfer from sulfur vacancies to interstitial sulfur states. 17) Thus the green emission is related to defects in ZnS. On the other hand, the visible emission is also observed in ZnO, which is considered to be related to various intrinsic defects in ZnO. Especially, the green emission around 500 nm is known to be attributed to oxygen vacancies in ZnO. The green emission originates from the recombination of a photogenerated hole with an electron belonging to the oxygen vacancy. 18) Thus the CL spectra demonstrate that the ZnO crystals with rod and yo-yo shapes have a high oxygen vacancy concentration. Otherwise, a UV emission at 380 nm with a relatively weak intensity is observed in the CL spectrum of the yo-yo shaped ZnO crystals. The UV emission peak at around 380 nm is attributed to the recombination of free excitons in ZnO 19) and thus the intensity of the UV emission is regarded as an indicator of the crystallinity of ZnO. As known from the CL spectra, the crystallinity of the yo-yo shaped ZnO crystals is better than that of the rod-shaped ZnO crystals, which would be caused by the 2D crystal growth. In the present work, the high concentration of oxygen vacancies in the ZnO crystals is related to be the reducing atmosphere, which would produce the oxygen-deficient ZnO crystals.
Conclusions
One-dimensional rod-like and two-dimensional plate-like ZnO crystals were synthesized by thermal evaporation of a mixture of ZnS and graphite powders in air atmosphere. The growth along [0001] direction was suppressed, while the growth along ©10-10ª direction was enhanced. The plate-like ZnO crystals exhibited hexagonal shape with six-fold symmetry, which means that the side surfaces of the ZnO crystals were the {10-10} planes. It is suggested that the suppression of the growth along [0001] direction was ascribed to the high concentration of Zn vapor on the (0001) Zn surface. Particularly, it is interesting that every two plates formed the twinned structures. The two plates were grown outward from the center at almost same growth rate. Under very 
